INTRODUCTION {#s1}
============

In cancer radiation treatment, one of the main goals is to efficiently target the tumor, thereby sparing the surrounding, healthy tissue. In this respect, radiation therapy has made many advances since its initial use \[[@RRU070C1]\]. Of these advances, the use of hadrontherapy, which uses accelerated charged particle beams (such as protons and carbon ions), was proposed by Wilson in 1946 \[[@RRU070C2]\]. Charged particle beams offer the ballistic advantage of having an inverted depth--dose profile and a sharp dose fall-off after the Bragg peak \[[@RRU070C3]\], which results in more specific energy deposition to the tumor. Besides this more precise dose localization, high-linear energy transfer (LET) carbon ion therapy also offers biological advantages \[[@RRU070C4]\]. Hadrontherapy with carbon ions is more effective than conventional radiotherapy in inducing DNA damage, cell cycle arrest and cell death in tumor cells \[[@RRU070C5]--[@RRU070C7]\], which accounts for the highly lethal effects. Because the fate of irradiated cells is believed to be controlled by a network of signaling pathways, we recently investigated the effects of a different radiation types on genome-wide gene expression in human prostate adenocarcinoma (PC3) cells \[[@RRU070C8]\]. We performed a microarray study on PC3 cells after carbon ion irradiation and X-irradiation and observed a downregulation in several motility-related genes at 8 h after exposure \[[@RRU070C8]\] that was more pronounced after carbon ion irradiation compared with X-irradiation. This was in line with previous studies showing that exposure to different radiation types induces changes in the motility phenotype of cancer \[[@RRU070C9]--[@RRU070C20]\]. Studies investigating the effect of sublethal doses of photon irradiation of cancer cells indicated an increase in the migration and invasion potential of the cells \[[@RRU070C9], [@RRU070C10]\]. Additionally, *in vitro* studies comparing the effect of hadron beams with photon irradiation have demonstrated that particle beams decrease the migration potential of cancer cells, while photon irradiation induces only a slight decrease in (or even increases) the cells\' capacity to migrate \[[@RRU070C16]--[@RRU070C20]\]. Because changes in the cellular phenotype originate from changes in gene expression, many studies have explored how a range of radiation types can change gene expression patterns \[[@RRU070C8], [@RRU070C17], [@RRU070C21]--[@RRU070C27]\]. These studies have generally indicated that charged particle beams have a more pronounced effect on gene expression with regard to both the number of differentially expressed genes, and also the magnitude of the changes \[[@RRU070C23]--[@RRU070C26]\]. Furthermore, pathway analysis has demonstrated that, besides typical radiation response pathways such as cell cycle regulation and DNA repair, genes involved in invasion and angiogenesis are differentially expressed, features which could eventually lead to an enhanced aggressive phenotype for surviving cancer cells. Other studies have focused more specifically on the radiation response of selected genes \[[@RRU070C17], [@RRU070C21], [@RRU070C24]\]. Meador *et al.* validated the radiation response of some genes, which had been found after microarray analysis of human lymphoblastoid and colon cancer cell lines to be differentially expressed \[[@RRU070C21]\]. They showed that the decreased expression of histone genes was dose- and time-dependent. Furthermore, expression of *CDKN1A*, a gene involved in cell cycle processes, showed a transient increase in expression after exposure to low-dose, low-LET γ-rays, which was prolonged after high-LET iron ion irradiation. Girdhani *et al*. focused on angiogenic genes in human non-small-cell lung carcinoma cells \[[@RRU070C24]\]. They reported that high-energy proton irradiation was able to induce a dose-dependent suppression of pro-angiogenic signaling genes. In co-culture experiments, they found that endothelial cell invasion was inhibited in cultures with irradiated cells, suggesting that proton irradiation modulates paracrine signaling to suppress angiogenesis \[[@RRU070C24]\]. Therefore, proton irradiation might have important biological consequences that should be considered in therapy. Akino *et al*. studied gene expression changes in *ANLN* and *GADD45A* (two genes involved in cell migration) after carbon ion and photon irradiation \[[@RRU070C17]\]. They also observed differential effects between carbon ion irradiation and X-irradiation. Whereas carbon ion irradiation induced downregulation of *ANLN* expression 12 h after irradiation and did not change *GADD45A* expression, X-irradiation did not alter *ANLN* expression and induced downregulation of *GADD45A* expression. Furthermore, these induced changes were also time-dependent. Boyden chamber assays confirmed a decreased migration and invasion potential after irradiation, which were dose- and radiation-type--dependent.

Other previous data has also indicated differences in radiation response depending on the cell type. Fujita *et al*. irradiated four pancreatic cell lines with carbon ions or X-rays to study changes in the cell phenotype. They observed that whereas carbon ion irradiation was able to reduce the migration potential in three out of four cell lines, a more aggressive phenotype was induced in one cell line \[[@RRU070C19]\]. Additionally, cell survival and gene expression are known to vary widely when different cancer cell types are exposed to ionizing radiation \[[@RRU070C21], [@RRU070C28], [@RRU070C29]\].

Although several studies have compared gene expression changes after exposure to a variety of radiation types, many questions still remain. Given the importance of cell motility in cancer progression, the present study specifically focused on the impact of carbon ion irradiation and X-irradiation on the expression levels of motility-related genes (*CCDC88A, FN1, MYH9* and *ROCK1.*) Expression of these genes was evaluated both in the prostate adenocarcinoma cell line PC3 and in the colorectal adenocarcinoma Caco-2 cell line using RT-qPCR analysis at different time-points after radiation exposure. Our results demonstrated that different radiation types have a time-, dose- and cell-type--dependent response in the expression of these four genes.

MATERIALS AND METHODS {#s2}
=====================

Cell culture {#s2a}
------------

PC3 cells and Caco-2 cells were obtained from the American Type Culture Collection (ATCC, Molsheim Cedex, France). PC3 cells were cultured in Kaighn\'s Modification of Ham\'s F-12 Medium (F-12 K) (ATCC) supplemented with 10% fetal bovine serum (FBS) (GIBCO, Life Technologies, Ghent, Belgium). Caco-2 cells were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) (GIBCO) supplemented with 10% FBS and 1% non-essential amino acids (GIBCO). Cell cultures were maintained in a humidified incubator (37°C; 5% CO~2~). For each irradiation experiment, the same passage number (P30) of cells was used. Cell cultures were not synchronized in cell distribution prior to the irradiation experiments. Cell cultures were irradiated between 70% and 80% confluence. Cell cultures were regularly tested for mycoplasma contamination (DSMZ, Braunschweig, Germany).

X-irradiation {#s2b}
-------------

X-irradiation experiments were performed at the irradiation facility available at SCK•CEN (Mol, Belgium). Medium was replaced prior to irradiation in a horizontal position. Cells were exposed to different doses of X-rays (0, 0.1, 0.25, 0.5, 1, 2, 3 and 5 Gy for the colony survival assays and 0, 0.5 and 2 Gy for the gene expression analysis) using a Pantak HF420 RX machine (250 kV, 15 mA, 1.2 mm Al equivalent, 1 mm Cu-filtered X-rays and a calculated dose rate of 0.25 Gy/min).

Carbon ion irradiation {#s2c}
----------------------

Cells were transported by car in a transportable incubator at 37°C to the Grand Accélérateur National d\'Ions Lourds (GANIL) (Caen, France). For the gene expression analysis, cells were plated in 175-cm^2^ tissue culture flasks (Falcon; VWR) at SCK•CEN (Mol, Belgium) for transport and replated at GANIL for irradiation experiments. For the colony survival assays, 10^5^ cells were plated in 12.5-cm^2^ tissue culture flasks (Falcon; VWR), which were used during irradiation. In the course of transportation, all culture flasks were completely filled with medium. After arrival, medium was changed and cells were placed overnight in a humidified incubator. The flasks were completely filled with medium to allow irradiation in a vertical position. The cells were irradiated with a ^13^C beam with an initial energy of 75 MeV/u (LET = 33.7 keV/µm). The requested doses were 0, 0.5, 1, 1.5, 2 and 3 Gy for the colony survival assays and 0, 0.5 and 2 Gy for the gene expression assay.

Colony survival assay {#s2d}
---------------------

For the clonogenic assays, cells were seeded 2 d before irradiation at a concentration of 10^5^ cells/T12.5 flask. After irradiation, cells were trypsinized, counted and replated in appropriate concentrations in six-well plates in culture medium with 1% penicillin--streptavidin (GIBCO). For each condition, triplicates were used. The exact number of cells seeded, used for calculating plating efficiency (PE), was determined with a separate sample that was fixed immediately after cells were allowed to adhere. After 11 d, the six-well plates were washed with phosphate buffered saline (PBS) (GIBCO) and fixed and stained with a 6% glutaraldehyde, 0.5% crystal violet solution (both Sigma--Aldrich, Bornem, Belgium) for at least 20 min. The samples were washed once with 40% EtOH and once with milliQ. Finally, colonies with more than 50 cells were counted. The surviving fraction (SF) was calculated based on the following formulae:$$\text{Plating}\,\text{Efficiency}\,(\text{PE}) = \,{\frac{\text{No}.\,\text{of}\,\text{colonies}\,\text{counted}}{\text{No}.\,\text{of}\,\text{cells}\,\text{seeded}} \times 100\%;}$$ $$\text{Surviving}\,\text{Fraction}\,(\text{SF}) = \,{\frac{\text{PE}_{{irradiated}\,\,{cells}}}{\text{PE}_{CTRL}}.}$$ Using GraphPad Prism, the clonogenic survival curve was fitted to an LQ model given by the formula:$$\text{SF} = \text{e}^{- ({\alpha D + \beta D^{Z}})},$$ in which *α* and *β* are radiation sensitivity parameters and D is the dose. Relative biological effectiveness (RBE) at 10% survival is calculated by dividing the dose X-rays at SF~10~ by the dose carbon ions at SF~10~.

RNA extraction {#s2e}
--------------

For gene expression analysis, cells were plated at a concentration of 3.5 × 10^5^ cells in 12.5-cm^2^ tissue culture flasks (Falcon; VWR). For each condition, four separate replicates were used. After irradiation, cells were further incubated for 2 h, 8 h or 24 h. Control samples were treated under similar conditions, including transportation and positioning identical to, and simultaneous with, that of treated samples. For RNA collection, medium was removed, and cells were rinsed with PBS and finally collected in 350 µl RLT lysis buffer (Qiagen, Venlo, The Netherlands) supplemented with β-mercaptoethanol (Sigma--Aldrich). Total RNA was isolated according to the manufacturer\'s instructions using the AllPrep DNA/RNA/protein mini kit (Qiagen). The quantity of RNA was measured with the NanoDrop Spectrophotometer (NanoDrop products, Wilmington, USA). RNA was stored at −80°C until further processing.

cDNA synthesis {#s2f}
--------------

cDNA was synthesized with the GoScript™ Reverse Transcription System (Promega, Leiden, The Netherlands) on a Gene Amp PCR System 2700 (Applied Biosystems, Foster City, CA, USA). We used 0.4 µg RNA in 20 µl reactions as per the manufacturer\'s instructions. cDNA samples were stored at −20°C until further reverse transcriptase PCR analysis.

RT-qPCR {#s2g}
-------

Primers for target gene expression analysis (Table [1](#RRU070TB1){ref-type="table"}) were purchased as pre-made assays (TaqMan Gene Expression Assay) (Applied Biosystems). Assays were performed according to the manufacturer\'s instructions. Briefly, 2 µl cDNA was added to 1 µl Taqman Gene Expression Primer, 10 µl TaqMan® Fast Advanced Master Mix and 7 µl RNase free water. Assays were run on a 7500 Fast Real Time PCR system (Applied Biosystems). First, the efficiency of the primers was tested using a five-fold dilution series of an independent control sample. Expression ratios (R) were calculated using the method as described by Pfaffl \[[@RRU070C30]\]. Finally, data were normalized by a log~2~ transformation and data were represented as: Average log~2~(R) ± SD. Table 1.List of Applied Biosystems assays usedGene symbolGene nameAssay IDRef seqExon boundaryMeasured efficiencyFN1Fibronectin 1Hs01549967_m1NM_002026.2;3--41.98MYH9Myosin; heavy chain 9; non-muscleHs01066369_m1NM_002473.423--241.96CCDC88ACoiled-coil domain containing 88AHs01559766_m1NM_001135597.118--191.98ROCK1Rho-associated; coiled-coil containing protein kinase 1Hs01127714_mHNM_005406.24--51.99B2MBeta-2-microglobulinHs00984230_m1NM_004048.23--42.05

Statistical analysis of RT-qPCR {#s2h}
-------------------------------

Statistics were performed with GraphPad Prism 5.00 (GraphPad Software, Inc., La Jolla, USA). The statistical significance of differences between log~2~(R) of control and each experimental condition was determined using one-tailed Mann--Whitney tests, based on the observed downregulation in our previous results \[[@RRU070C8]\]. *P*-values ≤ 0.05 were considered statistically significant.

RESULTS {#s3}
=======

Survival curves for PC3 and Caco-2 cells after carbon ion irradiation and X-irradiation {#s3a}
---------------------------------------------------------------------------------------

Colony survival was assessed 11 d after irradiation according to the protocol of Franken \[[@RRU070C31]\]. Figure [1](#RRU070F1){ref-type="fig"} represents the colony survival curves of PC3 (Fig. [1](#RRU070F1){ref-type="fig"}A) and Caco-2 cells (Fig. [1](#RRU070F1){ref-type="fig"}B) exposed to different doses of carbon ion irradiation and X-irradiation. As expected, the surviving fractions for PC3 and Caco-2 cells irradiated with X-rays and carbon ions decreased with increasing doses. Doses used for carbon ion irradiations ranged from 0.5 to 3 Gy, and results were fitted according to an LQ model. Average α and β radio sensitivity parameters for these models for carbon ion irradiation were 0.67 ± 0.10 and 0.17 ± 0.04, respectively, for the PC3 cell line and 0.13 ± 0.16 and 0.26 ± 0.07, respectively, for the Caco-2 cells. For the X-ray experiments, doses ranged from 0.5 to 5 Gy. In this case, parameters α and β were 0.59 ± 0.12 and 0.01 ± 0.05, respectively, for the PC3 cell line and 0.30 ± 0.07 and 0.03 ± 0.03, respectively, for the Caco-2 cells. The RBE of carbon ions at 10% survival was calculated to be 1.67 for PC3 cells and 1.83 for Caco-2 cells. In view of our subsequent gene expression analysis, we also compared survival induced by 2 Gy irradiation. Survival fractions at 2 Gy irradiation are shown in Fig. [1](#RRU070F1){ref-type="fig"}C. The percentage cell survival was 2.2 times less for PC3 cells after carbon ion irradiation. For Caco-2 cells, survival at an equal dose of 2 Gy was reduced by a factor of 1.78. Fig. 1.Colony survival assay of PC3 and Caco-2 cells exposed to carbon ion or X-irradiation. (**A**--**B**) Survival fraction of PC3 (**A**) and Caco-2 (**B**) cells calculated using conventional clonogenic assays. The linear quadratic model was applied to experimental data. (**C**) Surviving fractions of clonogenic cells exposed to 2 Gy carbon ion or X-irradiation.

Dose- and time-dependency of expression of motility genes in PC3 cells after exposure to carbon ion irradiation and X-irradiation {#s3b}
---------------------------------------------------------------------------------------------------------------------------------

We previously performed a microarray analysis to evaluate gene expression changes in PC3 cells 8 h after exposure to carbon ion irradiation or X-irradiation \[[@RRU070C8]\]. Our results showed a high response of motility-related genes after both radiation types. Most of these genes were downregulated, and both the number of responsive genes and the magnitude of the change was found to be increased after carbon ion irradiation compared with X-irradiation. Based on this study, we decided to further investigate the gene expression profiles of the motility genes with the highest fold change, including *CCDC88A, FN1, MYH9* and *ROCK1,* at a range of time-points (2 h, 8 h and 24 h) after exposure to different radiation types using RT-qPCR. Average log~2~ ratios of these genes in PC3 cells are presented in Fig. [2](#RRU070F2){ref-type="fig"}. Overall, the expression profiles showed that, for most conditions, radiation exposure resulted in a dose-dependent downregulation of these genes in PC3 cells, which was most pronounced at 8 h after irradiation for both beam types. In fact, for X-rays, we could only observe significant changes at 8 h post irradiation with a dose of 2 Gy. At this time-point, *CCDC88A* expression was reduced 1.7 times more after 2 Gy carbon ion irradiation (Fig. [2](#RRU070F2){ref-type="fig"}A) compared with X-irradiation (Fig. [2](#RRU070F2){ref-type="fig"}B) (respective log~2~ ratios −4.00 and −2.34). Exposure to 0.5 Gy of either beam type did not induce a significant downregulation in *CCDC88A* after 8 h, although a downregulating trend was observed. While no significant downregulation of this gene was observed 2 h and 24 h after 2 Gy X-irradiation, downregulation after carbon ion irradiation was more persistent over time (respective log~2~ ratios for 2 h and 24 h after irradiation were −3.79 and −1.83). Furthermore, 0.5 Gy carbon ion irradiation was also able to significantly downregulate *CCDC88A* expression 2 h after exposure. Fig. 2.Relative gene expression changes of four motility genes in PC3 cells at 2 h, 8 h and 24 h after carbon ion (left column) and X-irradiation (right column). Log~2~(ratio) of the expression of *CCDC88A* after carbon ion (**A**) and X-irradiation (**B**), *FN1* expression after carbon ion (**C**) and X-irradiation (**D**), *MYH9* expression after carbon ion (**E**) and X-irradiation (**F**) and ROCK1 expression after carbon ion (**G**) and X-irradiation (**H**) is presented. \*marks significantly altered gene expression compared to CTRL samples (*P*-value ≤ 0.05) based on one-tailed Mann Whitney tests.

Similar patterns were observed for the expression of the other three genes. At the 8 h time-point, the reduction in gene expression after 2 Gy was ∼1.5 to 2 times stronger after carbon ion irradiation compared with after X-irradiation (*FN1* Fig. [2](#RRU070F2){ref-type="fig"}C--D; *MYH9* Fig. [2](#RRU070F2){ref-type="fig"}E--F; *ROCK1* Fig. [2](#RRU070F2){ref-type="fig"}G--H). A downregulating trend was observed 24 h after 2 Gy carbon ion irradiation, which was not present after X-irradiation. While for *MYH9, FN1* and *ROCK1* expression no significant changes were found 2 h after X-ray exposure, significant downregulation was observed after carbon ion irradiation. Interestingly, this downregulation was found to be significant for 0.5 Gy for *MYH9* expression levels (log~2~ ratio −2.12) but not for exposure to 2 Gy (log~2~ ratio −1.10). At this early time-point, expression of *FN1* was found to be significant after 2 Gy, while *ROCK1* expression was changed significantly after both 0.5 and 2 Gy carbon ion irradiation.

Dose- and time-dependency of expression of motility genes in Caco-2 cells after exposure to carbon ion irradiation and X-irradiation {#s3c}
------------------------------------------------------------------------------------------------------------------------------------

Average log~2~ (R) of gene expression profiles of *CCDC88A, FN1, MYH9* and *ROCK1* in Caco-2 cells are presented in Fig. [3](#RRU070F3){ref-type="fig"}. As for PC3 cells, clear dose-dependent changes in gene expression can be observed in irradiated Caco-2 cells for both beam types. *CCDC88A* expression levels (Fig. [3](#RRU070F3){ref-type="fig"}A) were found to be significantly downregulated 2 h and 24 h after 2 Gy carbon ion exposure (respective log~2~ ratios −1.48 and −2.20). At the 8 h time-point, a downregulating trend was observed. The lower dose of 0.5 Gy X-irradiation, however, induced upregulation in *CCDC88A* expression levels, which was found to be significant 2 h and 8 h after exposure (respective log~2~ ratios 1.58 and 0.25). Exposure to 2 Gy X-rays (Fig. [3](#RRU070F3){ref-type="fig"}B) resulted in more pronounced downregulation in *CCDC88A* expression when compared with carbon ion exposure. Log~2~ ratios were significantly different from control samples 2 h and 24 h after irradiation (respectively, −2.79 and −2.39), while a similar trend was observed 8 h after irradiation. Fig. 3.Relative gene expression changes of four motility genes in Caco-2 cells at 2 h, 8 h and 24 h after carbon ion (left column) and X-irradiation (right column). Log~2~(ratio) of the expression of *CCDC88A* after carbon ion (**A**) and X-irradiation (**B**), *FN1* expression after carbon ion (**C**) and X-irradiation (**D**), *MYH9* expression after carbon ion (**E**) and X-irradiation (**F**) and *ROCK1* expression after carbon ion (**G**) and X-irradiation (**H**) is presented. \*marks significantly altered gene expression compared to CTRL samples (*P*-value ≤ 0.05) based on one-tailed Mann Whitney tests.

Carbon ion irradiation induced a downregulating trend in *FN1* expression levels (Fig. [3](#RRU070F3){ref-type="fig"}C) that was found to be significant 24 h after exposure (log~2~ ratio −0.90). Compared with X-irradiation, *FN1* gene expression was less altered after exposure to carbon ion irradiation. *FN1* expression levels were persistently downregulated after 2 Gy X-irradiation (Fig. [3](#RRU070F3){ref-type="fig"}D) (respective log~2~ ratios after 2 h, 8 h and 24 h were −0.99, −1.41 and −1.01). Exposure to 0.5 Gy X-rays induced a very subtle upregulation, which was not found to be statistically significant at either time-point.

This was not the case for *MYH9* expression (Fig. [3](#RRU070F3){ref-type="fig"}F), where subtle changes with high variability were observed after X-ray exposure. However, after 24 h, downregulation was found to be significant for 2 Gy (log~2~ ratio −0.59). Exposure to 2 Gy carbon ion irradiation (Fig. [3](#RRU070F3){ref-type="fig"}E) was associated with small but significant downregulation of *MYH9* at the 2 h and 24 h time-points (respective log~2~ ratios −1.06 and −0.95). This was also the case for exposure to 0.5 Gy analyzed 24 h after irradiation (log~2~ ratio −0.58). At the 8 h time-point, no significant changes were found, but a dose-dependent downregulating trend was observed.

Finally, *ROCK1* expression (Fig. [3](#RRU070F3){ref-type="fig"}G--H) was persistently downregulated after 2 Gy irradiation of both beam types at the three different time-points (respective log~2~ ratios after carbon ion exposure −1.06, −1.00 and −1.10; respective log~2~ ratios after X-irradiation −1.17, −1.63 and −1.26). Changes induced by 0.5 Gy of both beam types were not found to be significant.

Comparing the irradiation responses of PC3 and Caco-2 cells, it is clear that changes in the expression of motility genes *CCDC88A, FN1, MYH9* and *ROCK1* are cell-type--dependent in their response to different beam types. In PC3 cells, the strongest response was observed after carbon ion radiation (Fig. [2](#RRU070F2){ref-type="fig"}), whereas Caco-2 cells in general responded more to X-irradiation (Fig. [3](#RRU070F3){ref-type="fig"}). Dose-dependent changes were observed in both cell lines at the different time-points. However, for PC3 cells, expression patterns were generally downregulated for all doses, whereas for Caco-2 cells, 0.5 Gy X-rays induced an upregulating trend that was found to be significant for *CCDC88A* expression levels (Fig. [3](#RRU070F3){ref-type="fig"}B). Also, time-dependent changes differed between the cell lines. Whereas X-irradiation of PC3 cells induced a fluctuating gene expression profile with the strongest response after 8 h, gene expression levels in Caco-2 cells was more persistently downregulated for up to 24 h for both beam types. Furthermore, expression levels induced by a particular beam type showed a similar pattern for all four genes in PC3 cells, while the response in Caco-2 cells was more variable (in particular the response of *FN1* expression (Fig. [3](#RRU070F3){ref-type="fig"}C) after carbon ion exposure and *MYH9* expression (Fig. [3](#RRU070F3){ref-type="fig"}F) after X-irradiation).

DISCUSSION {#s4}
==========

Radiation therapy plays an important role in the management of cancer, with almost half of all cancer patients receiving radiation therapy at some point during their treatment. Recently, a more advanced form of radiotherapy, using accelerated particle beams instead of photons, has become an interesting approach for patient treatment. In order to better understand the fate of an irradiated cancer cell, many studies have been conducted in order to elucidate the network of gene and signaling pathways triggered by different types of ionizing radiation. We previously investigated differential gene expression in PC3 cells 8 h after carbon ion irradiation and X-irradiation, and demonstrated a large number of differentially expressed genes and pathways, among which was a gene signature of motility-related genes, which was in general downregulated after radiation exposure \[[@RRU070C8]\]. In order to further explore the observed changes, a more detailed analysis of the alteration in the expression of four motility-related genes (*CCDC88A*, *FN1*, *MYH9* and *ROCK1*) was performed after exposure to carbon ions and X-rays in PC3 cells at a range of time-points (2 h, 8 h and 24 h). In addition, Caco-2 colon cancer cells were included in the experimental set-up in order to verify whether the observed changes were cell type-dependent. As a first step, the radio sensitivity of the cancer cells lines and the RBE of the carbon ion beam were determined using the colony survival assay after exposure to both radiation types.

Radio sensitivity of PC3 and Caco-2 cell lines {#s4a}
----------------------------------------------

The LQ model was applied to the colony survival data to examine the radio sensitivity of PC3 and Caco-2 cells exposed to carbon ion irradiation and X-irradiation. These data clearly showed that PC3 cells were more radio sensitive to both beam types compared with Caco-2 cells. The high α values of the parameters in the LQ model of the PC3 cells indicate the higher intrinsic radio sensitivity of this cell line compared with Caco-2 cells. Furthermore, elevated β values after carbon ion irradiation in both cell lines indicates a longer time would be required to achieve complete repair. Interestingly, the RBE is slightly higher for Caco-2 cells compared with PC3 cells, indicating that particle irradiation is relatively more effective on radio resistant cells. To our knowledge, colony survival assays of PC3 and Caco-2 cells exposed to carbon ion irradiation have not previously been performed. However, Friedrich *et al*. performed a systematic analysis of RBE values of ion beam experiments with several cancer cell lines \[[@RRU070C32]\]. In that study, the calculated RBE values at 10% survival were plotted against the LET of the ion beams used, and the results demonstrated that experiments with LET \< 50 keV/µm yielded RBE values of around 2, which is consistent with our data. Balcer--Kubiczek *et al*., who performed irradiation of PC3 cells with iron ions (1 GeV/nucleon) or X-rays, found similar survival rates for PC3 cells after 5 Gy X-rays (± 5%) \[[@RRU070C33]\]. Survival after 2.5 Gy iron ion irradiation (± 3%) was slightly lower compared with the carbon ion irradiated samples (± 6%), which also showed a slightly higher RBE value (calculated at 10% survival = 2.4). However, these differences could be explained by the type and LET value of the particle beam.

Radiation-induced expression patterns in genes coding for actin-binding proteins {#s4b}
--------------------------------------------------------------------------------

We (and others) have previously shown that both photons and particle beams have an impact on motility gene signaling in cancer cells \[[@RRU070C8], [@RRU070C17], [@RRU070C19], [@RRU070C23], [@RRU070C24], [@RRU070C34]\]. Our results have demonstrated that this downregulation is stronger after carbon ion exposure (LET = 33.7 keV/µm) compared with after X-irradiation \[[@RRU070C8]\]. In view of the importance of cell motility in cancer progression, the present study further investigated these observations.

Three genes coding for actin-binding proteins (*CCDC88A, MYH9* and *ROCK1*) were selected for gene expression analysis in two cancer cell lines at different time-points after exposure to X-rays or carbon ions. In PC3 cells, downregulation in gene expression was most prominent 8 h after irradiation, and this was observed for both beam types. The magnitude of the changes was dose-dependent and stronger after carbon ion irradiation compared with X-irradiation. Furthermore, carbon ion irradiation induced significant downregulation at a very early time-point after exposure (2 h). This downregulating trend, although no longer significant, was still visible 24 h after irradiation. In contrast, X-irradiation induced no significant changes in gene expression at these time-points. These results clearly demonstrate that in PC3 prostate cancer cells, the magnitude of downregulation is dependent on radiation type, as well as on the time-point analyzed. Interestingly, in Caco-2 cells, *CCDC88A* and *ROCK1* gene expression changes were more responsive to X-rays compared with carbon ions. Also, Girdhani *et al*. observed radiation type--dependent changes in gene expression \[[@RRU070C24]\]. They focused on how different radiation types could modulate critical processes in tumor progression, such as angiogenesis, invasion and proliferation. Microarray analysis of A549 carcinoma cells exposed to proton irradiation or X-irradiation showed changes in expression patterns of a number of angiogenesis-regulating genes. RT-PCR analysis showed *VEGF*, *IL*-*8, IL-6* and *HIF1*-*A* expression to be downregulated 6 h after proton irradiation, whereas X-irradiation induced a dose-dependent upregulation in these genes.

It is well known that remodeling of the actin--myosin skeleton, by the activation of the serine/threonine kinase Akt, plays an important role in migration, invasion and metastasis \[[@RRU070C35]\]. Previous studies demonstrated that *CCDC88A, MYH9* and *ROCK1* are involved in the progression of various tumor types \[[@RRU070C35]--[@RRU070C40]\]. Although, to our knowledge, the responsiveness of these genes to different radiation types has not been discussed before, radiation-induced gene expression changes related to the Akt pathway have been observed in other studies. Akino *et al*. investigated radiation-induced changes in the metastatic potential of human A459 lung carcinoma cells \[[@RRU070C17]\]. They irradiated their cells with equitoxic doses of carbon ions and X-rays, after which microarray analysis indicated several differentially expressed genes, amongst which was anillin (*ANLN*). Similar to the genes that we focused on, *ANLN* codes for an actin-binding protein and is regulated by the PI3 K/Akt pathway. They also demonstrated that radiation decreased the migration potential of the cells, and this could be explained by the observed genetic changes. Decreased expression of our three actin-binding proteins after irradiation could be an indication that in our PC3 cell line too, the motility potential of these cells is changed by radiation exposure. In contrast, radiation-induced expression profiles in Caco-2 cells were very different. This shows that radiation-induced gene expression of these genes is cell-type--dependent and could be an indication that cell motility processes might be differently affected in Caco-2 cells and PC3 cells after irradiation. Furthermore, it should also be noted that irradiated samples taken for gene expression analysis contain a mixture of both doomed and surviving cells. Furthermore, the beam types used have distinct physical characteristics, which induce damage in different ways and might therefore trigger different signaling mechanisms. Since repair kinetics can differ greatly between cell lines and depend on the induced damage (i.e. the type of radiation used), this could explain differences between both cell lines and radiation-type--induced changes.

As mentioned previously, in addition to cell-type--dependent changes, we also observed time-dependent changes in our three motility genes. For carbon ion irradiation, gene expression for *CCDC88A, MYH9* and *ROCK1* in PC3 cells was significantly reduced 2 h and 8 h after exposure to 2 Gy. For the same dose of X-irradiation, downregulation was only significant 8 h after exposure. In contrast, in Caco-2 cells, *ROCK1* expression was persistently downregulated after both carbon ion irradiation and X-irradiation. For *CCDC88A* expression, downregulation after 2 Gy was found to be significant after 2 h and 24 h; however, exposure to 0.5 Gy induced a significant upregulation of the gene 2 h and 8 h after exposure. Finally, *MYH9* expression showed a clear dose-dependent downregulation, which was again significant 2 h and 24 h after carbon ion irradiation, whereas X-rays induced very small and variable changes in gene expression. Time-dependent changes were also found in the studies of Akino *et al*. \[[@RRU070C17]\] and Meador *et al*. \[[@RRU070C21]\]. Furthermore, Akino *et al*. also observed that time-dependency of gene expression differed between the two radiation types.

Seeing the vast differences in gene expression changes of these three motility genes concerning time-, cell type- and radiation-type--dependency it remains to be clarified whether these genes are involved in radiation-induced changes in the migration potential of both cancer cell lines (and, if so, to what extent). Although we are the first to compare the responsiveness of these three motility genes after exposure to different radiation types, two previous studies have already investigated the involvement of *ROCK1* in photon radiation--induced cellular invasion \[[@RRU070C19], [@RRU070C34]\]. Zhai *et al*. observed a dose-dependent increase in invasive potential in three photon irradiated gliobastoma cell lines *in vitro*. They found that by inhibiting *ROCK1*, this increase in invasion was stopped; however, blocking *ROCK1* without radiation exposure had no effect. In addition, Fujita *et al*. irradiated pancreatic cancer cells with carbon ions or X-rays and observed a switch from a mesenchymal mode of motility to a protease-independent mechanism of invasion \[[@RRU070C19]\]. They concluded that ROCK signaling is involved in this invasive phenotype and, furthermore, that inhibition of ROCK is needed to block invasiveness of the cells, whereas carbon ion radiation is only capable of decreasing the migration potential.

Radiation-induced changes in *FN1* gene expression {#s4c}
--------------------------------------------------

*FN1* codes for a glycoprotein involved in integrin signaling \[[@RRU070C41], [@RRU070C42]\], and thereby plays a role in cell adhesion and migration. This gene has been demonstrated to be involved in tumor metastasis \[[@RRU070C43]--[@RRU070C45]\]. With respect to radiation treatment, this gene has previously been identified to be a possible biomarker for radiation resistance in head and neck cancers \[[@RRU070C46]\]. We previously showed that high *FN1* expression levels are correlated with poor prognosis in prostate cancer patients \[[@RRU070C8]\]. We observed that, in PC3 cells, changes in *FN1* gene expression showed a similar pattern to the actin-binding gene expression profile. In contrast, in Caco-2 cells the expression of *FN1* was completely different.

So far, few articles have reported on *FN1* gene expression changes induced by radiation. Two papers investigated the impact of radiation on *FN1*, although no firm conclusions can be drawn from their studies \[[@RRU070C47], [@RRU070C48]\]. More research will be needed to further investigate how *FN1* gene expression is influenced by ionizing radiation.

Relation between RBE and gene expression {#s4d}
----------------------------------------

RBE assessment by the colony survival assay has long since been a gold standard in determining the radiation sensitivity of cell lines and tissues. Although there is no doubt that the RBE value is of huge importance in the clinical world, many difficulties are encountered when analyzing the data obtained in radiobiological experiments. Even though RBE values (based on 10% survival) can be similar for different cell types, gene expression responses vary over time and can differ widely between cell lines. Therefore, in the context of gene expression analysis, we suggest that it can be useful to compare equal doses rather than equitoxic doses.

CONCLUSIONS {#s5}
===========

In the present study, two different cancer cells lines were exposed to different radiation types. Clonogenic survival assays demonstrated that PC3 prostate cancer cells showed a higher sensitivity to both X-rays and carbon ions compared with Caco-2 colon cancer cells. Moreover, clear dose-, time- and radiation-type--dependent changes in motility gene expression were observed for each cell line. The RBE (at 10% survival) was higher for Caco-2 cells, whereas gene expression changes were more pronounced in PC3 cells. These results indicate that gene expression changes induced by different radiation types are highly cell-type--dependent. Further research is needed to better understand how different radiation types influence motility gene expression and whether this will affect the behavior of a particular cancer cell type.
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